Confocal microscopy and image analysis were used to compare driving forces, specificity and regulation of transport of the fluorescent organic anion, Texas red (sulforhodamine 101 free acid, TR) in lateral choroid plexus (CP) isolated from rat and an evolutionarily ancient vertebrate, dogfish shark (Squalus Acanthias). CP from both species exhibited concentrative, specific and metabolism-dependent TR transport from bath to subepithelial/vascular space; at steady state, TR accumulation in vascular/subepithelial space was substantially higher than in epithelial cells. In rat CP, steady state TR accumulation in subepithelial/vascular spaces was reduced by Na+-replacement, but not affected by a tenfold increase in buffer K+. In shark CP, Na+-replacement did not alter TR accumulation in either tissue compartment; subepithelial/vascular space levels of TR were reduced in high K+ medium. In both species, steady state TR accumulation was not affected by p-aminohippurate or leukotriene C4, suggesting that neither organic anion transporters (SLC22A family) nor multidrug resistance-associated proteins (ABCC family) contributed. In rat CP, digoxin was without effect, indicating that organic anion transporting polypeptide isoform 2 (Oatp2) was not involved. Several organic anions reduced cellular and subepithelial/ vascular space TR accumulation in both tissues, including estrone sulfate, taurocholate and MK571. In rat CP, TR accumulation in subepithelial/vascular spaces increased with protein kinase A (PKA) activation (forskolin), but was not affected by PKC activation (phorbol ester). In shark, neither PKA nor PKC activation specifically affected TR transport.
Introduction
In vertebrate brain, the choroid plexus (CP) separates cerebrospinal fluid (CSF) from blood.
Among the specialized functions of this epithelium is the removal from CSF of potentially toxic xenobiotics and waste products of central nervous system (CNS) metabolism for eventual elimination in urine and bile. CP possesses separate transport systems for organic anions and organic cations and recent work has begun to establish the molecular basis for such transport. In rat and mouse, five multispecific organic anion transporters have been immunolocalized to the apical or basolateral plasma membrane ( Fig. 1 ) and each of these contributes to the transport of specific substrates, e.g., Oat3 for PAH and FL (19) and Mrp4 for topotecan (10) . Nevertheless, it is clear that in crossing the CP substrates may use more than one uptake or efflux transporter (4, 11, 19) . Because of wide and overlapping substrate specificity, determining the extent to which each of these transporters contributes to the flux of a specific substrate across each membrane of the epithelium presents difficulties.
We have been using fluorescent substrates, confocal microscopy and quantitative image analysis to define the transport processes and transporters that contribute to the transepithelial movement of specific organic anions in isolated CP from rat, mouse and dogfish shark, an evolutionarily ancient vertebrate. The advantage of this imaging approach is that organic anion accumulation in specific tissue compartments can be measured and the effects of inhibitors on substrate accumulation in the cells and in blood vessels can be assessed. This permits conclusions to be drawn with regard to the mechanisms contributing to both apical uptake and basolateral efflux.
To date, we have applied this approach to two fluorescent organic anions in mouse, rat and shark CP: one small, FL (325 Da; (5; 9; 20) , and the second large, FL-MTX (960 Da; (2; 15; 18) . In the present study, we compare the transport mechanisms in rat and shark CP for an organic anion of intermediate mass, Texas red (sulforhodamine 101, 606 Da). The overall goals were to 1) compare the driving forces, specificities and regulation of the individual transport steps in the two species, and 2) compare these mechanisms of TR transport with those previously found for FL and FL-MTX. In both tissues, we found specific and concentrative transepithelial transport of TR. However, analysis of transport driving forces and specificity indicated species differences in the underlying mechanisms. Moreover, within a species, some of the mechanisms driving transport of FL, TR and FL-MTX proved to be different, indicating a multiplicity of organic anion transport pathways.
Materials and Methods
Chemicals. TR was purchased from Sigma-Aldrich (St. Louis, MO/Schnelldorf, Germany), MK571 from BIOMOL (Plymouth Meeting, PA). Isofluran was purchased from Abbott (Wiesbaden, Germany). All other chemicals were of the highest grade and obtained from commercial sources.
Animals. All studies were performed in accordance with the rules of local authorities for animal protection. Adult male and female spiny dogfish sharks (Squalus acanthias) were collected in the vicinity of Mount Desert Island, Maine. Sharks were held in large tanks of flowing sea water for 1-4 days before use. After decapitation lateral and IV CPs were removed using fine forceps, cut into several pieces and transferred into ice cold, pre-gassed (99% O 2 /1% CO 2 ) elasmobranch ringer (ER), containing 280 mM NaCl, 6 mM KCl, 4 mM CaCl 2 , 3 mM MgCl 2 , 1 mM NaH 2 PO 4 , 0.5 mM Na 2 SO 4 , 350 mM Urea, 72 mM trimethylamine oxide, 2.5 mM glucose and 8 mM NaHCO 3 at pH 7.8.
Adult male Sprague-Dawley rats were obtained from the animal facility of the University of Heidelberg. Animals were anaesthetized with isofluran and sacrificed by cervical dislocation.
Lateral CPs from each hemisphere of the brain were isolated using fine forceps. were generally collected within 5 min. During microcopy the incubation chambers were covered with a plastic cover, which was connected to an oxygen tank; thus all samples were oxygenated during the entire observation period.
Fluorescence intensities were measured from stored images using NIH Scion Image software, as described previously (4; with increasing medium TR concentration (Fig. 4) .
Experiments focused on understanding transport driving forces indicated fundamental species differences. In rat CP, 1 mM NaCN reduced TR accumulation in the subepithelial/vascular space, but not within the epithelial cells (Fig. 5A ). Increasing medium K + 10-fold, a maneuver that depolarizes rat CP cells and reduces organic cation uptake (21), did not affect TR transport (Fig. 5A ), but replacing medium Na + with N-methylglucamine significantly reduced TR accumulation in the subepithelial/vascular space, but not the cells (Fig. 5A) . In shark CP, NaCN reduced both cellular and subepithelial/vascular space TR accumulation, high K + (10-times control) slightly reduced subepithelial/vascular space accumulation and Na In rat CP, PAH, digoxin, LTC 4 were without effect (Fig. 6) . In initial experiments, AZT, 2,4-D and cimetidine also did not inhibit (results from 2-3 animals showed cellular and vascular accumulation of TR, averaged 104% and 108% of controls respectively in tissue exposed to 50 µM AZT, 103% and 101% of controls respectively in tissue exposed to 500 µM 2,4-D and 87%
and 103% of controls for tissue exposed to 1 mM cimetidine). These results eliminate Oat3, Oatp2 and Mrp4 from the list of possible contributors to TR transport in rat CP. In contrast, ES, TC and MK571 reduced both cellular and subepithelial/vascular space TR accumulation (Fig.   7A , B, C). MTX reduced TR accumulation only in the subepithelial/vascular space; at the highest concentration tested it also significantly increased cellular TR accumulation (Fig. 7D) .
In shark CP, incubation with Cimetidine (1 mM), resulted in fluorescence intensities of 91 % in cells and 102 % in vascular spaces. As in rat, also PAH, 2,4-D, AZT and LTC 4 were without effect on TR transport (Fig. 8) . ES, digoxin, TC and MK571 reduced both cellular and subepithelial/vascular space TR accumulation largely in a concentration-dependent manner (Fig. 9A , B, C, E). MTX, at 5 µM, reduced only accumulation in the subepithelial/vascular space, at 10 µM cellular fluorescence was also affected (Fig. 9D) . Importantly, we found no evidence for decreased subepithelial/vascular space accumulation accompanied by increased cellular TR accumulation (case 3, above; seen in rat CP with 100 µM MTX) in dogfish shark CP.
Our recent experiments have shown that transport of FL-MTX in shark choroid plexus is under control of protein kinases, increasing when PKA is activated and decreasing when PKC is activated (2). Figure 10 shows differential effects of PKA activator on TR transport in rat and shark CP. In rat tissue, the phosphodiesterase inhibitor, forskolin significantly increased accumulation of TR in the subepithelial/vascular space, but not in the cells (Fig. 10A ). This increase was abolished by the PKA inhibitor H-89, which by itself did not affect TR transport. In shark CP, forskolin did not affect TR transport (Fig. 10B) . The concentration of forskolin used here was previously found to increase FL-MTX transport in shark CP (2). Thus, PKA appears to increase TR transport in rat CP but not in shark CP.
PMA, a phorbol ester that activates PKC did not change TR transport in rat CP (Fig. 11A) . In shark CP, PMA reduced both cellular and subepithelial/vascular space TR accumulation.
However, that reduction was not attenuated by the PKC inhibitor, BIM (Fig. 11B) , at a concentration that previously abolished the effects of PMA on FL-MTX transport in shark CP (2), suggesting a non-specific effect.
Discussion
Recent studies have implicated transporters from three families as contributors to organic anion transport in mammalian CP; these include Oat3, Oatp2, Oatp3, Mrp1 and Mrp4 (Fig. 1) For mammals, the first approach is largely limited to mouse, although some rat strains are available that provide natural transporter knockouts, e.g., TR-/ESAI which are null for Mrp2. For fish, genome sequencing, bioinformatic tools and improved RNA silencing technology hold the promise of generation of gene knockdowns that will be of value in dissecting transport pathways in epithelia. But such approaches are currently restricted to a few species of teleost fish, e.g., zebrafish. Thus, at least for the present, a molecular understanding of transport in tissues from many species of comparative/evolutionary interest, e.g., dogfish shark, will have to come from studies employing the second and third approaches combined with comparisons to data in species where transport has been functionally mapped.
The present data for both rat and shark show transport from aCSF/ER to subepithelial/vascular space to be saturable, concentrative, metabolism dependent (inhibited by NaCN) and specific (inhibited by other organic anions). In both species, apical TR uptake and basolateral efflux could be differentially inhibited by organic anions, indicating two-step, transepithelial transport.
In neither species did we find PD dependence (high K + ) of uptake, although high K medium did reduce basolateral efflux in the shark. In rat CP, basolateral TR efflux was Na Fig. 12 , which provides a guide to the comparative aspects of transport with regard to both species and substrate differences. FL uptake in rat, mouse and shark CP is Na + -dependent and sensitive to inhibition by PAH or 2,4-D. Experiments with tissue from Oat3-null mice indicate that transporter is responsible for FL uptake in mouse CP (18; 19) ; this also appears to be the case for rat CP ( (5) and Miller, unpublished data). Although no Oat family member has been cloned from elasmobranchs, teleost fish express one or more Oats that are capable of indirectly coupling organic anion uptake to Na + and that are inhibited by PAH and ES (1; 12; 23) . Given the similarities in Na + -dependence and inhibitor sensitivities, an elasmobranch
Oat likely mediates FL uptake in shark CP (20) .
In contrast, FL-MTX uptake in mouse and rat CP is Na + -dependent, but not mediated by Oat3 (4; 18) . This also appears to be the case for shark CP, since uptake was not inhibited by high concentrations of PAH or ES (2). In rat CP, TR uptake was Na + -independent and insensitive to inhibition by high concentrations of PAH, 2,4-D and cimetidine (present study). These results eliminate an Oat3 homologue as a TR uptake transporter. Potent inhibition of TR uptake by ES and TC suggests involvement of Oatp3, but for this transporter it is not clear how uptake is coupled to metabolism to drive cellular accumulation of organic anions (6; 22) . In shark CP, where TR uptake is also Na + -independent (present study), an Oatp family member could be responsible for TR uptake. As in rat, this shark uptake transporter is clearly different from those responsible for FL and FL-MTX uptake, which are Na + -dependent (2; 20).
Mdr1 appears to be expressed in rat CP (8) , and the question arises, whether Mdr1 is able to establish a barrier against MDR1 substrates used, e.g. methotrexate. However, our own previous studies (3) have shown that the Mdr1 gene product is predominantly expressed in subapical vesicles and only to a minor extent in the apical plasma membrane. Consequently, we were not able to demonstrate any Mdr1-related transport in intact rat CP but also not in shark or porcine CP (data not shown). Therefore, it is unlikely that Mdr1 plays a role in the CP disposition of these compounds in rat CP.
Basolateral Organic Anion Efflux. In all three species FL efflux into the vascular /subepithelial space is PD-driven (5; 18; 20) . Based on inhibitor specificity, FL-MTX efflux into the vascular /subepithelial space of rat CP appears to be mediated by Mrp1 (MK571 sensitivity) and Oatp2 Note that in the rat the lack of effect of digoxin and LTC 4 on TR efflux at concentrations that clearly block FL-MTX efflux in rat and shark CP eliminates Oatp2 and Mrp1 as candidates.
Similarly, the lack of effect of millimolar AZT appears to eliminate Mrp4 as an efflux pathway in rat CP. At present it is not clear which type of transporter mediates TR efflux from rat CP.
In shark CP basolateral TR efflux was PD sensitive, suggesting that transport required net movement of negative charge. Previous studies showed that FL efflux in shark CP was also PDsensitive (20) . However, FL efflux was inhibited by 2,4-D, and TR efflux was not. Thus, FL and TR do not share a common PD-driven, basolateral efflux pathway (Fig. 12) .
Regulation of Transport.
Little is known about signals that regulate organic anion transport in CP. We recently showed that FL-MTX transport in shark CP increased when PKA was activated and decreased when PKC was activated (2). However, preliminary experiments indicate that neither PKA activation nor PKC activation specifically altered FL-MTX transport in rat CP (Miller, unpublished data) . Here we show specific activation of TR transport from cell to subepithelial/vascular space in rat CP by PKA. In contrast, neither step of TR transport in rat CP was affected by PKC activation and neither PKA nor PKC activation altered TR transport in shark CP. These results are consistent with the conclusion (above) that in both species TR and FL-MTX are handled by different transporters.
Perspectives and Significance
Several general conclusions can be drawn from the functional map of organic anion transport in rat and shark CP presented in Fig. 12 . First, in both species, the map is complex with multiple apical and basolateral transporters available. However, based on transport driving forces and inhibitor studies, within a species, all three fluorescent organic anions tested appear to utilize different transporters to cross the epithelium. This means that a minimum of 6 transporters are required. Certainly, in rat, a species for which several organic anion transporters have been localized to one side of the epithelial cell or the other, this functional map shows processes for which there are no readily identifiable molecular correlates. These include the PD-dependent efflux steps for FL and TR and the Na + -dependent uptake step for FL-MTX. Second, comparison
of transport pathways across species shows similarities for FL and FL-MTX and for TR uptake but distinct differences for TR efflux (Fig. 12) . Finally, Fig. 12 suggests that for organic anion transport in CP the level of functional map complexity is the same in tissue from shark and rat.
Thus, for CP, evolutionary age (older vertebrate) does not necessarily indicate reduced complexity with regard to organic anion transport. with knock-out mice (8) (9) (10) . Additional transporters are known to be expressed at the message level (7) . Transport studies with intact tissue have indicated additional transport pathways for which molecular correlates are lacking (4, 11, 19) . 
